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(54) Carbon nanotube device, manufacturing method of carbon nanotube device, and electron 
emitting device 



(57) The present invention discloses a carbon nan- 
otube device con^ipnsing a support having a conductive 
surtacc and one or more carbon nanoUbes one of 
wl)osG terminus binds to the conductive surtacc so that 
condjct on between the surface and the caroon nano- 
tuDc IS maintained, wherein a root of the caroon nano- 



tube where the carbon nanotube binds to the conductive 
surface is surrounded by a wah Such a carbon nano- 
tube device having 'Carbon nanotubes with a un form 
directiC'H o' growth can generate a large quantity of 
emitted electrons when it is used as an electron emis- 
sion device 
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Description 

BAOKG^CUNP C'F THE INVENTION 
Fiold of tho Irtvcmtion 

[0001] Tho prosont invention rolritcs to a carbon na- 
notubo dovicG using a carbon nanotube a^d a manufac- 
turing nr;oit"cd thoroot McfO particularly the invortion 
relates to a carbon nanotube device applicable to a func- 
tional device suL:h as a quantum-eftcc t device an elec- 
tronic device, a rnicro-machine device or a bio-device 
etc Furthci thC: invcnuon relates tea carbon nanotube 
device applicable to an electron source, an STM (scan- 
ning type tunnel microscope) probe or an ATM (atomic 
force microscope) probe by the utilization oi sharpness 
of the carbon nanotube. and a manutaciunng method 
thereof 

[0002] The invention relates also to an electron enrut- 
tinq device (or a display a cathode ray tube an emitter, 
a larrtp oi an electionic gun 

Description of the Relaled Art 

[0003] Fibrous carbon is generally called carbon fiber, 
and for carbon fiber tha: is used as a structural material 
havinq a diameter of at least several pm. several man- 
ufacturing methods have been studied Among those 
studied a method for manufacturing the carbon fiber 
from a PAf\l (polyacrylonitrile)-hasecJ fiber or a pitch- 
based finer IS considered to be a mainstream method 
[0004] Schematically this method comprises making 
a raw material spun from a PAN fiber, an isotropic pitch 
or a neso-phase pitch non-meltable and hardly flamma- 
ble carbonizing the resultant material at a temperature 
within a range of from £00 to 1 400''C, and treating the 
resultant product at a high temperature withm a range 
of fromi 1 .500 to 3.000°C The carbon liber thus obtained 
IS excellent in mechanical properties such as strength 
and modulus of elasticity and for its light weight tnat can 
be used for a sporting good, an adiabatic material and 
a structural mateiial for space or automotive purposes 
in the form of a corriposite material 
[0005] On the otnor hand a carbon nanotube has re- 
cently ho^:;n discovered having a tub). lor structure 
whose Giarneter is t jm or less An ideal structure of the 
carbori nariotube is a tube formed with a sheet of carbon 
fiexagona! "noshes arrafiged in parallel wilti its lube ax- 
is A pluirihty Qt such tuL'Cs forms a n.inot jbe Ttie cai- 
bon narc'tube ts expectec to have characteristics like 
metals or semicor^ductors depending upon both diarr- 
eter of the carbon nanotube and the bondirig form of the 
Ccirbor-. hexagonal rxicsti Lhoct Therefore tnc carbon 
nanotube is expected to bo a functional material in n\o 
future 

[0006] Generally caroon nanotubei are synthes/ed 
by the app lica'ior of the arc discnarg--^ process a laser 
o •\--a p o rati o n p roc r- s s a o y r o i y s i s p r oc e s s a n d t h e us e of 



plasma 

f Carbon nanotube ) 

[0007] An out I no of h recently developed carbon na- 
notube wilt now be dcscrioed 

[0008] A material hnving a d ameter of up to 1 pr'n 
sm,-iller than that of carbon fiber is popul.^rly Known as 
a Carbon nanotube :o discrmninate Iror-i-i carbon fiber al- 

?o though there is no definite boundary befween them in 
a narrower sense of the words a material having the 
carbon hexagonal mesh sheet of carbon substantially 
in parallel with the axis \s called a catbori nanoiube. and 
one witn amorphous carbon surrounding a carbon nan- 

?5 otube IS also included within the category of carbon na- 
notube 

[0009J The carbon nanotube in the narrower definition 

ts further clf^ssif'Cd in'n one with a single hexagonal 
mesh tube called a sinqle-wailed nanotube ^abt^reviated 
20 HS "SWNT") and one (.ompfising a lube of a plurality cT 
layeis of liexagofial rnesfies called a rnultiwalled nario- 
tube (abbreviated as "MWNT"). 

[0010] Which of those types of carbon nanotube 
structures is available is determined to some extent by 
25 the method of synthesis and other conditions It is how 
ever not as yet possible to produce carbon nanotubes 
of the same structure 

[0011] These structures of a carbon nanotube are 
briefly illustrated in Fics 1 A to 4B Figures 1A 2A 3A 
30 and 4A are schematic longitudinal sectional views of a 
carbon nanotube and carbon ^iber and f^igu^es 1 B 28 
3B and 48 are schematic sectional views illustrating 
transverse sections thereof 

[0012] The carbon fiber has a shape as shown in Figs 
35 1 A and 1 B in which the diameter is large and a cylindrical 
mesh structure in para lei with its axis nas not grown In 
the gas-phase pyrolyss method using a catalyst, a tu- 
bular mesh structure isobserved in paiallel with the axis 
near the tube center as shown m Figs 2A and 2B. with 
-^0 carbon of irregular structures adhering to the surround- 
ing portions in many cases 

[0013] App ication of the arc discharge process or the 
Ikc gives an fVlVy/NT ir which a tubular mesh structure 
in parallel witn its axis grows at the center as shown in 
f-rgs 3A and 3B Wiu) a sligt i! amount of amiC)i;jhous car- 
bon adhering to surrouriding portions 'he arc discharge 
process and the laser deoosition process tend to give 
an SWNT in wtncli a tubular rnesh sliuctuic grows as 
shown in Figs 4A ajid 4B 

50 [0014] The following three processes are iiow popu- 
larly used for the manufacture of the aforementioned 
Cijrbon n.inotube: a p ocess similar to the gas-pnase 
growth process for carbon fiber, the arc dicchargc proc 
ess and the laser evapc-ration process Apart ^rom tnese 

55 throe processes tho piasma synthost/ing process and 
the soiid-phase reaciicn process a^o i- ncwn 
[0015] Those three roprosentativc p'Oc^:sses wil now 
be c]escribed 
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[0016] ^riis i^^ocGrS I- ^.::s;ri'-i:Hl!y ::Jcn!'C-i! wiir r-j 
CrifOCir"' fiber U'ii-p f) -:-tj :rCA\U"i o'oros- T-"io prccuss 

No VVC'r^C/'oG ■ nlorf ^-iliofiri F^DiiCnlion NufiibOf 
Thio di&L l0£Cd procc =s cc mpr sos tno stcips C'f nlfociuc- 
in:^ C'tnylGf^c or p'Ofinr^a wan nyiiroqc'i irv.o n ronclc 
nnd sirTiultancous ly ifilri" J jcin :^ super -tifio rrictrtl pnrli- 
cles Aumrt from those mmtcial qdses a Sriturntod 'l' 
h\drocarbcn sue. -s mothHr^o Glhnne prcpnne bu- 
Irinc hcxnnc or c: yc hoh c <dnG nna .^n ufTsatJiHtcd bv- 
droc.-irbon such h& cihylC'nc ptopyicne ben/enc or tc- - 
uenc- '-i::ctor^C: rro^'^'anc or carLori r7"icr~ioxide cor'ilri n- 
in:^ cxygofi rray 0(} used as a rr:W natonal 
[001 7J 1 he ^atiC' cf the raw r'riater al qas to hydrcqen 
sbou G preterribly t-c within a range ot tropin ^ c^O tc '^i. 
1 A calalysi c>t FC' oi a TiD^turc c^t F o ancJ Mo Ci Co ci 
M ^ IS reeor^rnonded and a prcicess of attaching sucf i a 
catalyst OfV.o fused alurnnna is proposed 
[0018] Tfie leactor sf ou d piefeir:bly be at a tenipoi- 
ature wi:hir^ a "ange Df frc-m 550 to B50°C The pas flow 
rate shculc prGferatly be 100 scorn per inch dianneier 
fo' hvdiogen and rubou: 200 sccnn for !ho raw nnaterial 
gao con:aining carbor^i A carbon tube ig qcnotated in d 
poric>d of tinno withm a range of fronn 30 n"iinuteE to .in 
hC'Ur after introduction of tine p-articles 
[0019] The resultant carbon tJbe has a dian-ctor C'f 
aihoiit 3 5 to 7S nnn and a length of fronn S to even 1 000 
tiroes as long as !ho diameter The careon nnesh struc- 
turc 15 ir': paral el with the tube ax s with a slight annourM 
of pyrolysts carbon adhering to the outside of the tube 
[0020] H Dai et al (Chemica Physico Letters 260 
^^96 p 471 -^75) repo't that although at a low gener- 
ating efficiency an SWNT is generatec by using Mo as 35 
a catalytic nucleus and carbon monoxide gas as a raw 
n^iatcrial gas and causing a reaction a: i 2O0'C 

(2) Arc discharge process 

40 

[0021] The arc discharge process was first discov- 
crcd by lijina and details are described in Nature ;vo 
354 1991 p 56-55) The arc aischarge process is a 
sinnp e process o' carrying out [JC arc discharge by the 
use of carbon rod electrodes in an argon atnriosphore at -^^ 
1 00 Torr A carbon nanotube grov/s with c:arbcn ttne par- 
ticles of 5 t-^ linn on a pan of the surface of the ';CG- 
Htive electiode This carbon tube has a diameter of (lor^i 
4 :o 30 nm ar id a length ot about 1 i^uTi and 'las a layered 
st'ucture ir which 2 to 50 tubular carbor meshes are 
laminated The carbon mesh structure is spirally formed 
in parallel with the a<iG 

[0022] The pitcn o* the spiral differs for each tube and 
for each layer in the tuoe and the intor-layer distance 
in the case of a multi-layer tube s 0 34 nrn which sub- "^-^ 
stantially agrees with the nter-layer distance of graph- 
ite The leading end of the tube is oiosoo by a carbon 
network 
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[0023] ^ VV tbc?s-/n o: describe ono .I.c^,.. t;^ 
D- f ^ ^' C, or"! n-irir.! I . t":P-^ iri (a^qp ^\^\.-v:\ :y ry 
a^: Gisrharqc process iri Nature rvol 355 1^^2 
220-222^ A Cr-irbO'- r ocJ f'avir^a a diarTio'.cr of '"nrr o 
■^boc: rib n cnfiocie anc Cmroor^ red f' aviriq f-i cian^otC: 
or o rirTi r^s an ancde Tnesc- cicclro'des arc provieeJ 
oppcisitc to CMCh cthc-f w th i distan::G cf 1 mm in oc- 
T'Acen in n cr-^iambc An arc d scha' qC' of noc Jt '5 V an J 
100 A IS proGJCCcJ in a neiiurr atmcspfiere aoou: 500' 
Torr 

[0024] At 500 Torr or under tho ratio of the Cr:rbon 
nanotubes is rather lev; and at over 50(3 Torr the cuar-- 
tity of generation ocrrcascs as a wh(3le At 500 Terr 
which IS the optrnum ccnditic^n the ratio of carbor^ r^-- 
notubes reaches 75'\. 

[0025] 1 he collectiC'n ratio o! carbor^ nr^no'.ubos s re- 
duced by causing a chance in supplied oower o r:har^ j- 
ing the atr^osphore tc* argon cno MC'-e rTfinotubos a'O 
present near the center o'" thi: c-irL>on rod 

3) baser evapotatiun process 

[0026] The laser evaooration prc-c ess was first report- 
ed by ^ Geo ct in Chcmicfjl F'hysicG betters (24 j 
1005 p 40 54) and fudhor generation of a rope 
shaped SWNT by tno laser evapc-ratton proc:es£ is re- 
ported oy A Thess et ntl n S^cienc e (vol 273 1 9P6 o 
453-457) 

[0027] First a carbon rod formori by dispersing Co or 
Ni IS placed in a quart/ tube and afte' filling the quah/ 
tube with Ar at 500 Torr the entire combination is heated 
to about 1 .200°C Nd-YAG laser is condensed from the 
upstream end of the quartz tube to heat and evapora:e 
the carbor rod Carbon nanotubes are thus accumulat- 
ed in the downstream end of the quartz tube ""^^is pro:- 
ess IS hopeful for selective preparation of SWNTs and 
has a feature that SWNTs tend to gather to form a rope 
shape 

[0028] The conventional aT will nov^ be described in 
terms cf app' cation of tfie carbon nanotube 

(Application of carbon nanotube) 

[0029] While no applied product of carbon nanotube 
IS available at present, active research efforts are being 
made for its applications Typical examples of such ef- 
forts will be briefly described 

M ) Electror"! emission source 

[0030] The carbon nanotube having a shape leading 
end and being electric. lilly conductive is adopted in 
many research sub ccts 

[0031] W A De f^oo" ot al refined a carbon nanotube 
obtained by the app ication of the arc discharge process 
and placed it upright on a support via a filter to use it as 
an electron source (Science vcjI 270 T^P5 p 117^) 
They repoT that *he electron source comprised a collec- 
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lion o1 Cnrt^jon nHnoiubcs nnc: -^r omissior^ ::urrcnl of r-.t 
l.-v-isl ID! rnA 'A/hs slnbly ohlninrrj t:y ttio ifTipj ossi-^-j t .",f 
V0(.) V tf Dr7i afi HfOH of 1 cm- 

[0032] A G Rin/(or ot h r a/hIuhIocJ [jrcpcrtics t-v nt- 
t.-iching an electrode to .-i carbon r^anotub-:' obta'n( d by ^ 
V.'\C arc dis-charqc pr-jcess ari j 'hero v/a^: HVHi'ab'c an 
(.irnission curiont of aoout ' nA frorii a cait>on nanC'tubo 
wilfi a closed end and of about 0 5 [iA tiort: a carbon 
n.-iriotube with an open er^d by the impression of about 
75 V (Science vol 269 1995 p 1550) 

i2) STM A-M 

[0033] H Dal et al report m Nature i384 v996 p 
1^7) an application of ^ carbon nanotube to STM and ?5 
AhM According to their rep<3rt the carcon nanotube 
prepared by the arc discharge process was an SWNT 

hi a v i ri g i i d i a rTi c I c ' of ■ i b ^- u I 5 n rpi a ! ! r i e ! e a J i ri g e Pi d S E: - 
c.--jse of ri thin tio and flcxibiiity. even the botlonr of a 
gap of a baniple uoulJ be obstjived anc Itiore w.is avai - 
able an ideal tip free from a tip ciasti 

(3) Hydrogen storing material 

[0034] A C Dillon ci al report in Nature (vol 386. 25 
1 997. p 377-379). that tne jsg of an SWNT permits stor- 
age of hydrogen molecules of a quantity several times 
as large as that availab e with a carbon generated from 
a pitch-based raw material While tner study on appli- 
caiion has just begun, it is exper:ted to serve as a hy- 30 
drogen storing material tor a hycfogen car or the like. 
[0035] In the configuration and manutacturing method 
of a carbon nanotube in the conventional art. diameters 
and directions ot resultant carbon narotubes are very 
random, and after growth, an electrode is not connected ^5 
to the carbon nanotube More specifically, upon appli- 
cation ot the carbon nanotube. it is necessary to collect 
alter synthesis for purifying, and form it into a particular 
shape in connpfiance with the shape tor application 
[0036] For example, when it ts to be used as an elec- -^o 
tron source A G Rn/leretai teaches the necessity to 
lake out a carbon fiber and to Dond an end thereof to an 
electrode as reported in SciencC' (vol 269. 1995 p. 
1550-1553- 

[0037] hurtbcr as lOportcd in Sc lence (vcT 270 1 99:: 
p 11 79- 11 8C) I and Science (vol 1 266. 1995 p 
f,^5 847) Wall A dc Hecr ct ai discloses the necessity 
ici providL- a step of pLiifying a f:aibon nanotube- pfc- 
p,-iied by the mc dibchaige piocesb and then placing 
upright the cnrbon nnri'Dtubc- on a suppc-rt by the use of 
aceram c filter In this case ar- electrode is riot positively 
bC'ndcd tc. the carbon nanotube Further the carbon na- 
nC'tubcG in applicatic^n tend to get cntangod with each 
otner in a coniplicatcd manner and it is difficult to c^btain 
devices fully jtili/ir^ij cha'^acteristics of the individual 
carbon nanotLbes 
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NUMMARY OF THE INVEN^lOrj 

[0038] Tfic present mvonlU'r^ was dC'Velcpod in view 
of the probier"ns as dcscribea ab^wo arnd h,-js an obje-ct 
to provide a carbon nanotube cievicc in which a :arb(>n 
f ano'uho has a sironq directivity qivincj a large quantity 
o\ electron emission when i; is u^ed for example- as .in 
electron emission device 

[0039] Anoiho' object of the invention s to provide a 
manufacturing methoa ot carbon nanotjbc device -n 
which the carbon rianotube oinds to a conductive sur- 
face so tl^at corTduction is maintained therebetween 
ana ine carbon nanotube has a rngh directivity 
[0040] Furthei the invention has an object to provide 
an electron emission device giving a large quantity of 
electron emission and having a high performance 
[0041] Speciticaily there is provided a carbon nano- 

t.iK,-^ ar.wiro r^r f>,c ic ion 11 cllrir"^r^rt rij4\;inn rT-nrinr \ i\< o 

''^■urfacc and ^ carbon r^anotuoo. one of wnc'se terminus 
binds to said conductive surface al a silc so tfial cc-n- 
duction between said conductive suriace arid saio car- 
bon nanotube is maintained wherein a root of said car- 
bon nanotube where said caroon nanotube binds to said 
conductive surface is surrounded by a wall 
[0042] Forming the barrier with a layer containing al j 
mina or silicon is preferable with a view to achioving a 
higher density of the carbon nanotubes binding to the 
conductive surface. The wall containing alumina is avail- 
able after forming an aluminum thin film on the conduc- 
tive surface for example, by anodically oxidizing alumi- 
num At this point, the conductive surface should p'-ef- 
erably comprises a layer containing at least one element 
selected from the group consisting of titanium, zirconi- 
um, niobium tantalum, molybdenum copper and zinc 
It IS not necessary that the conductive surface be previ- 
ously protected even during anodic oxidation of the alu- 
minum thin tilm 

[0043] There IS also provided a manufacturing meth- 
od of a carbon nanotube device comprising a support 
having a conductive surface and a carbon nanotube 
one of whose terminus binds to said conductive surface 
at a site so that conduction between said conductive sur- 
face and said carbon nanotube is ma ntained. wherein 
a root of said carbon nanotube at the site where said 
carbon nanotube binds to said conductive' surface is sur- 
rounded by a wall said method eompnsing the steps of 

(I) forming a plurality ot carbcfi nanotube binding 
?Dttos ibC'lated trorii each ottii-i by walls on said con- 
ductive surface and 

(II) forming carbon rianoiubes at tne sites 

[0044] Addtionally. there fc prc-videc an election crmt 
ting device compr'Sinq 

a carbon nanctube device which tseSf comprises a 
support i^avC'q a roriductive s jrlar^^ anr' h c/i^/'^TfOn 
nanotube one of whose "orminus binds to said ^on- 
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vvhcfc i.^ a cnrLjOf" firif" ot utjt.". biciiii: IC' Sriia cor^icJuc- 

t VC bUflriCC 15 SUf f OUf"!' JCa 07 rl Wr:ll ^" 

rifi Gioclrodc ocntcd h: pcsilicf"! opposite to sn d 
conciuctivc SLrt-ico r-ir d 

mGdns fc irrptGSSinc m po:cnlini lo h sprxc bc- 
tvVGon Sriid concuctivG surf-ice r^nd snid olectrode 

[CX)45] Acceding 'o the n-vorr.ion as described above 
It IS possible to con'jol grcwth cJircction cf tne chrbcin 
nnnol jbc bv rriGrins of tne .Vdll Ash result it is possible 
to provide an electron cmrting aevico navinq excG lert 
elect'on em Iting propcrtici-. and a carbon nnnotube de- 
vice 5uilabe tor a probe ct an SIM c-r an Af-M wnich 
qives a sat stactcry image and has a high strength 
[0046] In tno case whcr.; the wall comprises a layer 
cofMaining -nUTiina or siliC' ^n it is possible to efficiently 
lomi rl carbcin nanc'lube device naving a conliguratiCin 
111 wf ihjl I rl pluirility G't caf be f 1 ranotuoes bind to tf le con- 
ductive sur^ca and binding sites of the individual car- 
bon nanotubes are isolated from each other by the wal 
The device of the irivention providcci with' carbon nan 
C'tubcs whC'CC growth dirc.Uions arc a rnost the same 
.-inc each cf which nave ,i uniform drGc:ivity isolated 
ffom each other at a high density is suitably appticablc 
for an Glec:ron emittmc device or a probe such as an 
STM or an AFI\^ 

[0047] When the conductive surfar e comprises a lay- ^0 
er containing at least one material selected tronn the 
group consisting of titanium zirconium, niobium, tanta- 
lum moiybdenum copper and /inc it is possible to eas- 
ily form a carbon nanotube ot the invention More spe- 
cific:aliy an abmina thin film hriving a narrow hole is -^5 
formed througn anodic oxidation also when forming the 
barrier by anodic oxidat on of an aluminum thin film The 
anodic oxtaation earned out so that the bottomi ot the 
riarrcw hole serves as the electrode surlace never dam- 
ages the conauctive surlace and as a result, it is pos- -^o 
siblo to easily form c. carbc>n nanotube binding conduc- 
tively to the conductive surface 

[0048] In the various features of the present invention 
as described above the expression "a terminus ot the 
carbon nanotube bmds conductivel/ to the conductive -^^ 
sLTtace of the support" include in addition to tne em- 
booiment in whicr i n . . carbon nanotube binds directly to 
the conducive sur face an emuodirnent in whiich the car - 
bori nanotube is conductively conncc;ted to ttie conduc- 
tive surface urde^ a tunnel effect via an insulating layer 50 
and an embodiment n which the carbon nanotube b nds 
conduct ve7 to the conductive surface through an insu 
kiting layer including a path cont.iining an clement com 
posing tne conductive surface 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0049] Fiqs 1 A tc. 4R are schematic views llustrating 



\: .^nsvo\ i-z scctioria; views c an .sotropic Cr^^oor^, tibcf 
- as 2 A rino 2B rcspeciivciy mubi' ite sc aG'T"^,.itic lofia- 
ljdif\-]l -iniJ lrririE:VG[SG £ octionri I viCws ot h Cri^zon riafv 
olubc witri rimo'phC'US Cnrbon tf icrorircond Figs OA 
rind 3B rr spectivclv illustrate set" ematir longitu Jinal and 
tfnrisverse secliOfT-'-J views c;f ri rr.clli- whHgcJ n-no:ubo 
rino Figs 4A rir'id ^GSDe:liVGlv illcstiatC' schematic 
longitudin<-il and transversG -ecticnal V:ews o' a single- 
v\'-illed nanotubC' 

^ig A to 52 covG! schematic cC'nceptUi-il views il- 
us:ratir"ig cc^nf 'guraticns of carbc-i^ n.-ncttubo devic- 
es Fig 5 A IS an example cf <i cionfiquratior"! with a 
different support ccnauctive surface aycr and wall 
Fig bB IS a cc>ntiguration in which a support and a 
layer 'ormirig a concuctive surfai:e torrn h single 
body Fig 50 is a con* gu'atic^n in whicfi a layer 
composing a coriduclivti surface ano a wa I fcrrn a 
single body .-in d Fig 5C is n configurntioi ) ii which 
a support a layer comipnsing a c;onductive suTace 
and m wall fiDrnn a smgle body 

!^ig3 6A to 6D covers schema:-: corceptudl viev/s 
'llustrating coniigu-attons of turuicl junction type 
carDon nanciubo cevices Fig £ A is a coritiquration 
in whicn a support a layer connposing a conductive 
surface an insulating layer and a wall are different: 
Fig 6B IS a configuration in which an msulatirTg layer 
IS present on the surface of a wall Fig 60 is a con- 
figuration in which an insulating layer is present on 
a part of the surface of a layer composing a conduc- 
tive surface: and Fig 6E) is a configuration m v/hich 
a support a layer composing a conductive surface, 
and a wall form a single body 

Fig 7 IS a schematic view rlustrating a carbon na- 
notube growing apparatus 

Figs 6A to cD are schematic process diagrams il- 
lustrating a mianufacturing process of an uprignt 
type carbon nanotube device using alumina narrow 
holes 

Figs 9A to 90 are schematic process diagrams il- 
lustrating a manufacturing process of an uprignt 
type carbon nanotube device using Si narrow holes 
Figs 10A to 10D are schematic process diagrams 
illustrating a manufacturing process of .-i tip type 
carbon nanotube device 

Fig 1 1 A IS a scfiematic plan view of an ernbodimeril 
of the tunnel type carbor) nar)otube device and Fig 
11 B is a sectional view of the tunnel type carbon 
nanotube device showr-i in Fig 11 A cut along the 
line A A 

Fig 1 2 IS a schematic sectional view of another cm 
bodiment of the carbon nanotube device of the in- 
vention 

Fig 1 3 IS a schematic view illustrating a change in 
anodic oxidi/tng current when forming Al ^ilms on 
conductive surfaces comprising various materials 
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nnd caiisin:] -iricviir oxicir-lion rv tt io A I tilrin^. nnci 
Fii-j 14 IS r^ srh'-rrnlir sontinr^Hi vr;w of h siJppr)rt 
piovidcd With H Wrill ,-iDpliCHt.lo for forming tfic c<ir- 
bc-n ririnc-tubc device shewn tn Fiq 5A 
F ig 1 5 IS sciic-rnatic SGcliorinl vio^ ct ho oloctrorv 
tirniittng device which is rTiridG by LiSiriG I'j Cfirbon 
n-inotubo device shown m Fig '^f ) 



DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 



[0050] Figs 5A to 5D and Figs 6A to 6D are sche- 
matic sectional views of embodiments of the carbon na- 
notube devices of the present invention In the invention, 
the term "carbon nanotube" means a structure at least 
partially having a cylindrical struciure mainly comprising 
carbon, in which, particularly the cylindrical portion has 
H diameter of up "o i urn 

[0051] Re^erfing !C' f^igs 5A to 5D and GA to 6D 20 is 
a support. 21 IS a layer comprising a conductive suriace 
of the support 20. 24 is d carbon "lanoiube c:or^iductively 
binding to the conductive surface 21 23 is a catalytic 
super-fine oarticle present between the carbon nano- 
tube and the condudive surtace 21 and 22 is a wall sur- 
rounding the root 24A of the carbon nanotube 24 to the 
condjctive surface 21 

[0052] The layer comprising the conductive surface 

21 of the support is lorried on the support 20 The car- 
bon nanotube 24 hinds via the catalytic super-tme par- 
ticle 23 to the surface of the layer composing the con- 
duciive surlace 21 . The root 24 A of ttit; carbon nanotube 
24 where the carbor nanotube 24 birids to the conduc- 
tive surface 21 at a binding site is surrounded by the 
wail 22 

[0053] The support 20 itself has a conductive surface 

21 . and the carbon nanotube 24 binds via the catalytic 
super-fine particle 23 to this conouctive surface 21 The 
rcot of the carbon nanotube 24 is surrounded oy the wall 

22. Fig 5C is an embodimen- ir^ which the wall 22 and 
the conductive surface 21 comprise a semiconductor 
wall 25. and Fig. 50 is an embodiment in which the sup- 
port 20 having the conductive surface 21 and the wall 

22 comprise a semiconductor wall 25 

[0054] In tl^ e aforementioned example, electrical 
junction between the carbon nanotube 24 and tfie con- 
ductive surface 21 miay be in the form of an ohmic junc- 
tion ensuring a sufficient connection or of a shot-key 
J unci on The junction properly varies with tfie composi- 
tNjri L'f tfie cHlr-.ly^t Hiid tfie iriyei composing If conduc- 
tive surface 2' and manufacturing conditions thereof 
[0055] Figs 6A to 6D illustrate an embodiment in 
which the curbon ncjnotube 24 conduct^veiy binds to the 
conductive surface 21 oy tunnel junction arc tnc root 
IS surrounded by the wall 22 

[0056] Ftg dA illustrates ar embodiment in which an 
insulating layer 35 such as a suTace oxtae layer is on 
the layer connnosing fhe condurttvo s jrf.-icc 21 of the 
support, the catalytic super-fine pa^-fic e 23 being prc- 



vi'Uo:i thoioor nr-ij "ho CH-bc->n nHnotubo 24 i^rows from 
the (-Hta:ytir supri -tino pHTticIn 23 6B ill Jsl Htr^f^an 
embodir-ncnt in wnich nn irisulaling layer 35 is formed 
hIso on the side sur'nco o' tho wall surrocriding the \o^[ 
s 24A of the carbon nanotube 24 Fig 6C iHuslialcs an 
r-mt::>dimenl m which nn insulating layru 3.5 is formicd 
on the root pert ion of the carbon nanotube 24 whore thto 
surf.ice of the Liyer composing tho conducl:vc surface 

21 i^ exposed Fig uD covers an cmbocjimicnt n which 
TO the support 20 the conductive surface 21 and tho wall 

22 comprise a serrticonductor 25 wall and an insulating 
layer 35 is formed cn the surface thereof AH these em- 
bodiments, inaicate a tunnel junction, and li^e uptimuin 
insulating layer thickness depends upon the driving volt- 

^5 age the composition and structure of the insulating lay- 
er 35 The thickness of the insulating layer 35 should 
preferably be witnin a range of from a sub-nm to several 
^cn' of '"tm 'i T'Oi^ GpcCiti^aMy from 1 to 10 nm The 
composition of the insulating layer 35 may comprise for 

20 example silicon o)Mde tilamum oxide or alumina The 
insulating layer 35 iriay be formed, pr or to forinirTg ttie 
wall 22 on the ci^nductive surlace 21 by oxidi/ing the 
conductive surface 21 in the cased Fig 6A In the case 
of the configurations shown in Figs 6B and 60 it may 

25 be formed, after forming the wall 22. by oxidizing the 
wall 22 and the conductive surface 21 or the conductive 
surface 21 alone 

[0057] Figs 5A and 5D and 6A anc 6D provide only 
a few examples As another example a configuration 

30 shown in Fig 1 2 is ^Iso within the scope of the present 
■nvc'Viion In Fig. 12 91 is an msulatmg layer formed on 
the layer composing a conductive surface 21 and 
serves also as a wall 22 in this embodiment 53 is a nar- 
row hole formed in the insulating layer 91 and 93 is a 

35 bridge-shaped path connecting the conductive surface 
21 and the bottom of the narrow hole 53 A catalytic su- 
per-fine particle 23 is provided on the bottorr^ of the nar- 
row hole and a careon nanotube 24 is caused to grew 
vertically to the supoort surface along the wall 91 of the 

■^0 narrow hole 53. The path 93 improves conductivity be- 
tween tho catalytic super-tine parlicle 23 formed on the 
narrow hole 53 bDttom and the layer composing the con- 
ductive surlace 21 

[0058] Tho embC'diment shown n Fig 12 has a con- 
figuratior^i in v^'nich conduction teivv'een mo carbon na- 
notuoe 24 and tfie conductive surface 2 1 is ensured via 
the pa:h :-3 and the catalytic super-tine particle 23 and 
tfie ool of the carbon nnnotube 24 lo Ihtj conductive 
suiface 21 lb suiiounded Oy tiie wall 22 a c- the wall of 
50 the narrow hole 53) thus representing another embod- 
iment of the carbon nanc>tube device of the inventi'^n 
having a configuration different from these shov^n in 
Figc 2 and 3 

[0059] Fo: tho suoport 20 in the aforementionec erm- 
55 bodiments wnen the layer 21 giving the conductive sur- 
face as iliustrated in Figs 5A 6A to 6C and 12 is sepa- 
rately provicied Uieie is i>HrtiCuiar rostricticn imposen 
on the material and tor example silicon ts appiicabie 
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!hc wnll 22 MrcL.ding tno concJ.tion-. tor nnC'Jic 0X'CJ:-i 

[0060] \r: tnc c.rtjOf^ M-iriolLDC cjovilO n^vi'-:i cc-r- 
1iqufri:iOfi shdwn n Fiq 52' 0[ 6D tOf cx^^rTpIc 

'-1 p-typc siliCQ-'i or ri n-typo sihoon sofPicor^'auctO' sup- 
port IS sjildt'ly np^'liCriClo 

[0061] When considering insulriiion popcrlv required 
ir^- ihc form of h aeviCG yd hcnl res 5lnr~ce upc^n lorr^ nq 
the Ccirtori ririnoiubc 24 tnc wa I 22 snciuid prcfcr^oiy 
comprise a rriatcriHl mairily conssPnq of alur^iina c si - 
icori The term '^ nndterial mainly '.oonsisting of silicon" 
fneans "contHininq at least one selected \^om the group 
cons sting o* silicon silicon oxide -ind silicon carbide 
I ^1(2)" I he:' wall 22 mace of such a material h.-is a funi:- 
tion ot serving to q Jidc the direction ot growth '."^t the car- 
Ijrjn nanotube 24 py lor ming it so as to surround the roca 
2-A of the carbon r'-anotube 2'^ tothe conductive surac e 
1 The Wrili 22 surrour^dir 'g t'U} ro'jl 24 A of ttie carOLin 
n.inotubo 24 to tfio cor)ductive suif.^ce 2i can L^e 
tc-rmed for oxarr-.plc through a general ohotolithograpt")- 
ic process or a general pattern ing process such as elec- 
tronic drawing Wficn preparinq a t cirbon nanotube cJe 
vice having i J configuration (see Ficg 5Ato2Ci} in wnich 
'no conductive surlaoo 2' has carbon ranctuoes 24 
dcjnsely formed thereon that are surrounded by the walls 
22 and the individual roots 24A are tsciated by the wall 
layers silicon or silicon oxicie resulting from anoriic 
treatment ot silicon ■;Si) or alumina anodic oxidation of 30 
-iUm num (Ah is suitably applicable 
[0062] The Al anodic oxidation process is a process 
ot oxidi/ing the surface of Al by using Al as an anode 
and Pt or the like as a cathode in an oxalic acid solu!ic>r 
and innpressing a voitage of aoout 40 V. In this process 3S 
r'larrcw holes 53 having a diameter of from several nm 
tC' several lens of nm are obtained or the Al suilacc 
,iind tne suilace ts simultaneously oxidized into aiuminr^ 
[0063] A carbon nanotube aevice of the invention can 
be obtained for example Oy forming an aluminum thin -^o 
tilmi on a conductive surface 21 then anodically oxidi/- 
in;j the aluminum thin film, and at this point causing car- 
bon nanotubes 24 to grow from the conductive surface 
21 in narrow holes 53 formed in the Al anodic oxidi/ed 
tilm (alunnina film) the conductive surface 21 should -^5 
preferably compr se a layer containing at least one ele- 
ment seicc ted from the . jp consisting o1 titanium (Tr; 
/iiconiUfTi (Zi). niobium (Nb) tantalum (Ta). molybde- 
riurn (Mo) copper (Cu) and / uc (Zii) or more prefera- 
bly layer comorising Nb That is when the conductive 
surface 21 is formed from such a material tne narrow 
holes 53 formed in the a umincj film never d sappear and 
anodic oxid.ation of Al never pccis off the alumina film 
from the conductive surface 24 It is also excellent in 
heat resistance at high temperatures when forminc the 
carbon nanotube film to bo carried out subseguontly 
When the conductive surface 21 is formed of sum a ma- 
terial It IS possible tC; form a bridge-shaped path 93 con- 



'Juctivc siJ-faco 2^ rr- ino -iiu-Tiinn tilrTi present betwc'cn 
'*')0 ■^nl\':''\\ l^c\c 53 nno I'>c U-iyer cornoosir^icj tnc cc^n- 
Juclivo ;jrlncc 21 rib strow'T iri Fiq 12 hv (CO'Uinuiriq 
.^fTodic c^xidation even lifter toe completi(:'f^ ot oxici-itioci 
O'f trc Al f Irr: Because thic oath ^-3 car-, imcrcvc con- 
ciucliviV/ Del ween the narrow hole 53 bottom ar^d 'he 
cor^duc'jve scrtacc 21 :t is p^rticuL-rly desir.iblo to ccro- 
oose the conducqvc suTacc- 21 witf~ the aforcr^ entiOr":ea 
'ri,-i:ori.-:l when applying the carbier nr.no: u bo device z>\ 
V'\o 'overition to an electron emitlinq device 
[0064] /^nc'dic tredtrTicni jI Si s earned oj: by us^nq 
.-n Si sjpport as an anoco -.nd platirium as .-: catncKJc 
ir"' a 'luor ic ac id solution anc I ceding a cur ent of sevcai 
^^ns ot mA cr'o-- 1 h s metncid mh:k(^s ■* pc-ss t:. Ic \c tcr-T^. 

plura ity ot narrow holes r:-3 isolatcc trom^ each other 
by silic:on or silicc>n oxide on the Si suppon surface dS 
sno^vn riFigs 9Ato92 for example i: is therefore pos 
-::.:bte to obtain a carbon narn.jtube device cf ttic- mvonnor i 
by pieparing a conductive silicon supooit (p-type Si ui 
tt'ie ike) as a support 20 <-)r~odzing the surl.-ice of the 
conductive siliccn supoon 20 to fcrmi narrow holes 53 
isolated by silicon or g licon oxide and causirig carbon 
nanotubes 24 :o grow fromi the bottom of tl'ic narrow 
r,oles 53 

[0065] When forming a carbon nanotube 24 in the nar- 
row hole 53 resultant fronc: Al anodic C'Xiaaticn cr ancidi- 
/-itiijn of Si as desc^ined above it is rt-commendable 'o 
form a catalytic super-fine particle 23 on the narrow hole 
53 bottom I e on the conouctive surface 21 and :o 
c duse tne carbon nanotube 24 to g^ow from the suTace 
of this catalytic super-fine particle 23 Applicable cata- 
lyst materials include for example iron (FeV c:ODal: (coi 
and nickel (Ni) 

[0066] The catalytic super -fine particle 23 should pref- 
erably have a particle diameter witfiin 3 range of from 1 
lo 1 0 nm or more preferably from 2 to 50 nm A catalyst 
of such a material having such a si/e can ctliciently 
ciuse a carbon nanotube 24 to grow and achieve a st/e 
excellent in elec:ron emitting efficiency 
[0067] For depositing such a catalytic super-fine par- 
ticle 23 into the narrow hole 53 for example the AC 
eloctro-depositicn process is eftecliveiy applicable 
[0068] yVhen preparing a Co super-fine particle tor 
example it suffices to impress an AC (50 H/) voltage of 
about 15 V to a space bc:ween the conductive surface 
21 and Itie opposed electrode in an aqueous solution of 
COSO^-VHoO =: 5°oand H3BO3 =: 2''a This method per- 
mits introcuctior of the catalytic super-fne particle 23 
even into the slightest narrC'W hole 53 formed by for cx 
ample the Al ancdic oxidrition 

[0069] Anothe^ method for irtroducing the catalytic 
super-fine particio 23 into the narrow hole 53 comprises 
vapor-depositinc Fc Co cr Ni onto tho conduc:ive sur- 
face 21 having a na-'row hole 53 and a wall 22 and ther- 
mally arigreqating this vapc'r-deposited film 
[0070] An effective metnod for causing a carbon n^- 



8 



EP 0 913 508 A2 



14 



notubo 24 to qmw ori the C'Or icl jct vo surtnco 21 sur- 
roiinclnr: by t ho thus \->\mnci nr rinr or ori tho ("oniurlivt-^ 
SLrfHCi: 21 surroundod by the wnil 22 and jrcvidc J with 
Ih: CH:aiys: comprises toi oxrirnplo UiormHily trolling 
tho support 2C in h g.-is atmosphere contain inq nc-l only 
th J raw (Tiatorial gas but also .tOcIC'Cj 'A'th a (J;!uGr:l ga::> 
or a Qr''jv/th ^xceloratrir gas Many nascs contain ma car- 
bc*n aro applicable as a raw matoriai qas 
[0071] Examples ot the raw material gas irKlude gas- 
es comprising only carbon and hydrogen such as meth- 
ane ethane, propane butane, pentane hexanc elhyi- 
ene. acetylene, benzene toluene and cyclohexane, and 
gases comprising carbon, hydrogen and other ele- 
ments, such as benzonitrile acetone ethyl alcohoL me- 
thyl alccho' and carbon monoxide 
[0072] Preferable raw materials from among these 
applicable ones sor^ewhat varying with the kind ot the 
suppoM 20 the cornposihori ot ine growih nucleus 

nro\A/inn t omnnr h ! t j t f i ncui OfCSSUlC- ar e OnGS COmipriS- 
— . 

ing carbon hydrogen and oxygon which make ildifficuit 
foj impurities to come in 

[0073] In view of the low temperature growth of the 
carbon nanotube 24 ethylene, acetylene and carbon 
monoxide are preferable Hydrogen i3 preferable as a 
growing or growth accelerating g^is. However, because 
ettectiveness of hydrogen depends upon the ravy mate- 
rial gas the reaction temperature and tho compos'tion 
of the growth nucleus hydrogen is not an essential re- 
quirement 

[0074] A diluent gas is effective when growih i-a'e is 
too high Of when aiieviating toxicity or explosivity o- the 
raw material gas. and applicable diluent gases inc ude 
inert gases such as argon and helium and nitrogen 
[0075] The manufacturing metnod of an embodiment 
of the carbon nanotube device of the invention shown 
in Figs. 6A to 8D wil- now bo described in detail 
[0076] Frst. as shown m Fig 3A. a film mamly com- 
prising Ti Zr Nb Tr: Mo Cu or Zn is formed on an Si 
wafe^ support, and then an Al film is formed without ex- 
posure to the air This film forming method is typically 
represented by the sputtering process based on a sput- 
tering apparatus having multiple targets 
[0077] Then, the support 20 is immersed m a 0.3 M 
oxalic acid solution tor anodic oxidation of Al, and a volt- 
age ot 4UV IS impressed with ;he support 20 as ar^ anode 
and a Pt as a cathode while keeping a temperature of 
ly^'C As a result as shown in Fig 13 the Al su-tacc is 
lust oxidi/od leading lo a dociease iri cur eni value 
wfiich hciwuvei increases along witli for na:ton of narrow 
holes 53 resulting f^om oxidation of the A1 film and 
shows a constant value Upon the completion ot oxida- 
tion of the Al film thereafter the current value canes with 
the material composing the conducive surface 21 For 
exarripie the ayor composing tne conductive surface 
21 comprises Ti Zr Nb Ta or Mo tne anodic oyidi/mg 
current exhibit a decrease as shown in curve (a) on Fic 
13 When the layer -^omposirg tho condccttve sur'aco 
21 IS formed with Cu or Zn :"in 'he other nand 'he anodic 



oxidi/ir^g cufir^rr stiows oner' hn incrC'^so nnd then h 
rje.:rcase hs shown in curve (t^) on -ig 12 It ts possitilr 
tc. manutaclu!C a structure lor a carbon nanotube dovicC' 
snovvn in any c:-t Figs 5A :o 5D 6A lo 6D F gs 12 and 
5 14 through selection of a material Icr the c onductivc sur- 
f.-c o 21 and cc-nlrol o! timinc] for stoppnqe of anodic cix- 
idation 

[0078] When forming the conductive surface 21 with 
T, Zr Nb Ta or Mo and anodic oxidation of the Al film 
10 formed on the conductive surface 21 is discontinued ir^ - 
mediately prior to a decrease in the :anodic oxidizing cur^ 
rent curve, fo^ example, the Al layer formed on the con- 
ductive surface lotaiiy oxidi/ed in the thic kness direction 
into alumina as shown in Fig &B The narrow hole 53 
15 has not as yet reached the conductive surface 21 and 
there isavailabic a structure in w^hich alumina is present 
with a thickness of trom about l to 10 nm between the 
bottom of tf^c narrov.' hole 53 and the conductive suiaco 
21 This structure is applicable as a structure for a car- 
tvon nanotube device in which the wall 22 and tne insu- 
lating layer 35 are made of the same matenal in the Lat- 
bon nanotube device, shown in Fig 6B. in which the 
conductivity between the carbon nanotube 24 and the 
conductive surface 21 tunne^ effect 
25 [0079] V\/hcn composing tho conductive surface wi:h 
Ti Zr. Nb. Ta or Mo, and anodic oxidation of the Al film 
formed on the conductive surface 21 is discontinued af- 
ter start ot a decrease in the anodic oxidi/ing current 
curve It IS possible to form a path 93 between tho con- 
30 ductive su-face 21 and the bottom of the narrow hole 53 
as shown in F;g 12, This path 93 is known as a result 
of a maieriai ana ysis. to contain the material composing 
the conductive surface 21.19 Ti. Zr. Nb Ta oi Mo and 
oxygen and formation of this path permits cons derable 
35 improvement of conductivity between the conductive 
surface 21 and the narrow hole 53 This further leads to 
improvement of depositing efficiency of a catalytic su- 
per-fine parlicle 23 to the narrow hole 53, and remark- 
able improvement of conductivity between the conduc- 
40 tive surface 21 and a carbon nanotube 24 upon forma- 
tion of the carbon nanotube 24 in the narrow hole 53 
Although the reason of formation of the path is not clear, 
alumina solution into the electrolyte occurs on the bot- 
tom of the narrow hole 53 in the process of formation of 
ihc narrow hole 53 through anodic oxidat.cn ol the A I 
tilr^i and a ptieromenon is observed in which Al loris 
are drawn Ihroun i the Al portion anodicatly (^xidi/ed by 
ihC' oleclnc held nlo ttio electrolyte along witti oxidation 
of Al al the u tu-rface of anodic: oxidation (mtu'face bo* 
50 tween alumina and Al) It is considerable Ironn tt^is ob- 
servation that when continuing anodic oxidation even 
after the corripiction o' anodic oxidation of the Al film, 
anodic ox:da:ion reaches the conouctivc surface 21 
and sor^yes to draw out the nnaterial composing :he con- 
55 ductivo surlace 21 (for example Ti Zr. Nb Ta or Mo} 
through the alumina layer on the bottom of the narrcw 
hole 53 into tht- eiectrclyto Because trie OKino of Ti Zr 
Mb Ta or Mo ts chemically s:able and is not easily dis- 
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[0080] Wnc'-^ rinncniin:j '^lO ^.'/^JU'c ru^vina IMo pnU"' 
^3 tcfrT")oa '/"lO'Oin ir- .-i r"i v jr o:jc'" q<iS inc: a-^s o< hy- 
oroqcn and incri gas nifTiospher c coricuclfvily bC'H^ocn 
:ho CDnductiVG surfaco .:1 of 'n.: structure rirrj t'"ie n^r- 
'ow hole 53 Cf-n further i.-c irTip^iw'Cd Tr.c rGr:Sor^ cf irr- 
orovcmont of cor'ductiv :y oGtw>:'On the conductive sur- 
face 21 o1 the structure ar^d tne narrow hole 53 by an- 
noahng n not ns vet ciCrir but s considered attributable 
to the rcducficn of the pith ^3 

[0081] The 'urther irTiprovemont of :onductivity bc- 
tv^eer^ the conductive surface 2 1 of the structure and the 
narrow hole 53 in turn improves deposition efficiency cf 
the cata ytic super-tine particle 23 onto :he bo'tom o* th e 
narrow hole 53 ano turlhcr rnprovcs conductivity be- 
tween the conductive surface 21 arid a carbon nanotube 
2^ after forming the cart:)on nanotuDO 24 in thc^ narrow 
hole 53 Tfiis IS tficreforu a process wt'icfi lo or of er able 
particularly wf ori applying tfit carbon nar'Otube de-vice 
of the invention to an e octron emitting device Annea - 
mg should preferably be carriec out at a temperature 
within a range of from 200 to 1 100°C for a period cf 
time within a range of fronr 5 'o 60 minutes 
[0082] When the conductive surface 21 comprises Cu 
or Zn and anodic oxidation is discontinued after start of 
decrease in anodic oxidi/ing current a structure naving 
a narrovy hole 53 reach r^g the contductive surface 2i i5 
available as shown in Fig 11 This structure is app ica- 
bie as a structure for a carbon nanotube device in which 
the carbon nanotube 24 binds cirecily to the exposed 
conductive surface 21 as shown in Fig 5A 
[0083] In the atorementioned structures in the above 
embodiments the diameter of the narrow hole 53 can 
be enlarged by immersing the structure into a phosphor- 
ic acid solution o1 about 5 wt 

[0084] A carbon nanotube device as shown in Figs 
5A to 5D 6A to 6D or 12 is available by depositing the 
catalytic supe^-fine particle 23 mto the narrow hole 53 
by the use of the aforementioned method, and causing 
a carbon nanotube 24 to grow from the surface of the 
deposited catalyt:c super-fme particle 23 
[0085] Growth of a carbon nanotube 24 can be ac- 
complished by the use of for example a reactor as 
shown m Fig 7 This will now be described with refer- 
ence to Fig 7 

[0086] In Fig 7 41 is a reactor 42 is a suppoil 43 is 
an intiared-ray absorbing c>lale seiving also as a sup- 
port holder 44 is a tube for introducing a raw material 
gas such as ethylene and should preferably be ar- 
ranged GO as to achieve . i uniform rriw material gas con 
ccntration near the suppor: 42 45 is a tube for introduc 
ing a reaction accelera:ing gas such as hydrogen or a 
diluent gas such as hehum and the raw material gas 
tube 44 IS arranged near an in*rarcd-ray transmitting 
window 49 so as to serve to prevent the window 4Q from 
being dim with decomposnior of the raw material cas 



[0087] A:,- 7 : : c> - i .s: c 4'. : 

'f^ol st'Kjwn . 47 s rin intfr-.fod lu-rp for hcntii^o ''"'C suc 
pc'\ .-inj 4" IS con'jonijv:; mrrc fc' :GitX"':'^:; e*' 
cioniiy int[,-ire'j ' fc nibbofclior- Aut)cu::jfi fvc: sf"-c,\ 
ci V(^cuurTi ^fiuqc tor mor^itor ing pressure wit fun :f"ie co'v 
tair^er a the rf7"iocC'Uple for mc-isunr^ torr,[:cr -^tur o of the 
suoporl 42 arid tfic like afc prDvicurd 
[0088] The apparatus is not ot course limited lo tnosc 

'0 described nere An electric tu7iace; '.ype apparatus heat- 
ing the entire nssernbly from outside riiay well bo cr^i- 
ployod In actual grow-In o' a c-iroon nanotube 24 steps 
comprise tor example iritrooucing c:hy one as r. raw 
material gas in rin amcurit of 10 seem fror^i the 'aw mi,-i- 
tenal gas tube 44 into the apparatus introducing 1 3 se- 
em -'vdrogcn as the growth accelerating ■diluent qhS 
trorr the reaction accelerating gas tube 4b applying a 
oressure of 1300 Pa ir^ tnr- reactor heating the support 
42 by an infra'cd-ray lamo to 7(.)C'"C ar'id causing a re- 

^0 action lor 60 rnir.ules 

[0089] The dinrrietor of tfte tfius ^yntfiesi/ed carbon 
nanotube 24 dcoending upon the diameter of the cat.^- 
lytic super-finc particle 23 and other reaction conditions 
IS within a range of frorm several nm^ to a submicron si/e 

-5 and the Icngtn i : within a range c^f from sevcra tens cf 
nm to several tors ct pm Since a termiinus of the carbon 
nanotube 24 already binds ccnductivoly to the cordu:- 
tive surface the carbon nanotube device of the inven- 
tion s favorable particularly in such applications as ele:- 
Trie field electron omission a probe such STM a 
quantum Gevic:e. a vibrator for a micromachine and var- 
ious electrodes 

[0090] Because carbon is chemically stable and has 
a high strength, the invention is applicable also for the 

35 purposes of improving the support 42 surface 

[0091] As shown in ^^igure 15 by locating a counter 
electrode 1 50 1 at a position opposite to the conductive 
surfac e 21 of the carbon nanotube device of the present 
invention, for example shown in Figure 6D an ctectron- 

-^0 emitting device can be obtained The electron-emitting 
device in Figure 15 is constructed in such a manner th-:it 
a potential can be impressed between the electrode 
1501 and the conductive surface 21 
[0092] The present invention will now be descnbed 

•^^ further in deta by means of examples 

Example f 

[0093] (1 ) An Si wafer support having a c lean su'face 
50 was providec as a support Ti was termed into a film 
having a tnickncss of 100 nmi on the surface of the Si 
wafer by the sputtering process The sputtering was car 
ricd ou! by applying RF power of 400 W and under Ar 
gas partia pressure of 5 mm Torr After forming the Ti 
55 tilm an Al film having a thickness of 1 pm vyas formed 
under the same conditions except ^or changing the tar- 
get *o At in the same apparatus thereby preparing a 
support 20 as shown in F g 
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[0094] A SLipfif rt hHVinq the Inyo rod structuic hs 

n\An in F r) -^A whr f rnparnd in Iho SHmo mnnnnf 
Hbovc LMCOpt th-ji the Ti thin tilrr was chr-.ngod lo a Z\ 
Nb Ta Vlc^ Cu Zn Poor Au thin tilrn 
[0095] Ehch :f the rcsult.-int supports whs immGrsod 
in ('1 0 3 I A CiXrihc: .-i "td S'l uticsn Hr>d Uicrn nnodic ox idnt ion 
of Al wds CHTf icd out bv usmc the sjpport as an anode 
and Pt as a cathode and applying a voltage of 40 V while 
keeping a tempo r-iture of 17" C As shown in Fig 13 the 
beginning of the anodic oxidation anodic oxidi/ing cur- 
rent decreased d.je to r:jpid oxidation of the Al surface 
Toward :he start of fornriattori of a narrow hole 53 aiong 
with oxidation of the Al tilm. the current siiowed subsian- 
tidlly a constant value Thereafter for each support hav- 
ing a conductive surface 21 connpnsing a Ti film, a Zr 
tiln-i an Nb tilm a [a filn- or ar Mo tiim anodic oxidation 
was discontinued after a rapid decrease in current value 
as shoAn by .h ri.rvo in Fig 1 The period was t'-T 
ab'. ut len minutes These supports shah hereinafter be 
ur:iied Gioup (1 ( oUppo'lS 

[0096] Fo( eaefi support in which the conductive sur- 
face cornpriscd a Cu film or a Zn film, anodic oxidation 
was discontinuec upon decrease alter one increase in 
current value as shown by a curve (b) in Fig. 13, The 
pcricxii was tor .jbout ten minutes These supports shall 
hereinafter bo ca led Group (2) supports, 
[0097] For each support m A^hich the conductive sur- 
face comprised a Pd film or an Au film, anodic oxidation 
was discontinued after a sharp increase tn current value 
as shown by a «,-urve (i:) in Fig 13 The period was for 
about ten minutes These supports shall horeinaftcr be 
called Group (3i supports 

[0098] For these Groups ( 1 ) to (3) supports as de- 
scribed above structures were analyzed by means of a 
transmission type electron microscope tn Group (1) 
supports the alumnnum film on the conductive surface 
was completely oxidized in the thickness direction as 
shown in Fig i 2 and the narrow hole 53 did not reach 
the conductive surface It was confirmed tha: a brtdge- 
si^aped path 93 containing a meiai ifor example, Ti. Zi, 
Nb 'a or Mo) composing the concucttve surface was 
formed between the conductive surface and the bottom 
of the narrow hole 

[0099] For Grcop (2) supports it was confirmed that 
th: Al film on tric conauctive sunace was luiiy oxidi/cd 
tn the thickness cjirection and the narrow hole reached 
th::- conductive surface as shown in Fig 5A For Group 
(3; supports, alitiougfi Ifre Al I Irn on tfie conduclive sut- 
f.-i.e Wri3 C'Xid/ed t*iu nriirow liolcb ticid disappeared 
Ttio feasors of disappearance ot the narrow holes is not 
clear but it is considered attributable to the fact that a 
reaction betvv'cen the conductive surface and the elcc 
trc.jytc p^oduccd .J large electric current and oxygen gas 
produced along with this destroyed the n-rrow holes 
[0100] (2) Lnyt^rs as sho\A/n in Fig 8A having a Ti nim 
a Zr 'lim an Nb f Im a Ta film or an Mo trmi 'ormod on 
the Si water suppnr surfacr- were propared in iho sarrte 
rTianner as in ( 1 ) abi-^vo Fach of these supports was im- 



1 " 

me r see in a 0 3 M oxalic aci'"J solutiof a-ict anodic o:-;i- 
rialior^ of Al was camed out hy using th."^ sij[')pcrt as an 
anode anc Pi as a cathode and applyina a vc'ltage of '^Ti 
V while keeping a tcmpcratLuc of 17''I Ar^odic oxid,-i 

s tion was ciscontinued immediately bef':'re observing .-i 
ciecrease in anodic oxtdiz-nq cU' rent as represented by 
curve (a) in Ftg 1 3 The period was for about eight mir' 
utos These supports shall hereinafter l:>c called Group 
(4) supports The structure was analy/ea fo Group (4) 

w supports by the use of a transmission type electron mi- 
croscope The alurrinum film on the conductive suTace 
was comp etely oxidized in the thickness direct on and 
the narrow hcie 53 did not leach tt ie conductive surtace 
as in Group (1) suppo^s The path observed in Group 
(1 ) supports was not observed 

[0101 ) Then, easiness of plating onto the narrow hole 
surface was measured by the following method lor 
G^oufi' '1 and Group f4^! suppo^'ts "^he s' ops cc>m prised 
immersing each o' Group ! 1 ■ and Group* (4) supports in 

20 an aqueous solution containing 5 \n\ '-i CQSQ^-JbinO 
and 2 wt.'\:> H3BO^, aoplying a potential between op- 
posed Co electrodes and measuring the potential nec- 
essary for plating Go particles on the narrow hole bottom 
as a support potential corresponding to ci calomel stand 

25 ard electrode The resultant potential value was withiri 
a range of from about -1 to -1 5 V for Group (1 ) supporls 
whereas a potential of at least -iO V was required for 
Group (4) supports. This suggests that the br.dge- 
shaped path 93 formed in Group (i ) supports played an 

30 important role for improvemem of conductivity between 
the bottom o^ the narrow hole and the conductive sur- 
face 

[0102] (3) Group {1 ) (2) and (4) supports were pre- 
pared in the same manner as described under (1 ) and 

35 (2 ) above 

[0103] Then, a catalytic superTine particle 23 was 
prepared by the AC electro-deposition process on the 
bottom of the narrow hole tor each support. The support 
having narrow holes thus prepared was immersed in an 

■^0 aqueous solution containinq 5''<, CO 5O4 -7 H^.O and 2*' a 
H'.BO^. and a structure having Co super-fme particles 
on the bottom of the narrow holes as shown in Fig 5C 
was obtained by impressing an AC {50 Hz) voltage Df 
15 V lor few seconds 

[0104] Then a carbon nanc-tube wa: grown in a re- 
actor as snown in Fig 7 First the support having the 
catalytic sjper-fine pcj tides was placed in the reactor, 
theri hydrogen ir^ ar^ aniounl ol 10 seem was inlioduLUd 
f rc^rr-: a reaction accelerating g.'j:- tubc' -5 ancJ a pf essu e 
50 of 500 Pa was kept in :he reactor The support temper- 
ature was Drought to between 400 and c-OO^C by tummg 
on an infrared lamp 

[0105] Aftc^ temperature st.ibiiizaticf! a raw materia! 
gas such as meth -ine ethylene acetylene carbon mon- 
55 oxtde or benzene was introduced in an arrount of ""O 
sccmt from a ravv rr.aterial gas tube 44 . ind trc pressure 
in (he reaciorof ^000 Fa was \^i^rj\ for /-'j mm Jtes Then 
the infrared lamp was trjrnec oV to mierr.jpi the suppiy 
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[0111] A- 



c" rt ! Li f o 

[0106] Tno sjpDC^:! Inbcr oni wrts obsorvocJ r-y 

rMOrins G* r-.r' FE-StM i^iro [irriss-ion SLrinnin:::] bid: 
'■on Microscope i^-. .-ill cti'S.crvca bupooils c.irtjC'fi 
r'lf-inC't Jbcs hriCj qrGv\n lio'^i the c-il^lvtic suDCr-tinc onr- 
i:L!OS C4-i !he bc-IlorTi c^f lf~c ii.irr 3W nc^ics ris snowr: in Fio 
E D TfiG c arbc n ridrictubc h id n dh-irnc'or with in a rnr^ qo 
Cif frcirri sGV5'"di nm tc scvgihI Igos of nrri dGpencinc up- 
jn the friw rr c:'Gr hI CriS hpg the CHtHlyii : super-fino Drif - 
jcIc an J hrnc growfi in tne vortiCt-rl On action riling 'he 
'^irirrcw hC'lG from tne suop :;rt with h icrminuso: ine ch-- 
uon ri.-iriC'' ut C' 24 hif dirn"^ I: the support 
[0107] Whon mothrir-G whs usee hs n sourcG qa; 
howGVG' growth ot the c-rbon nar^olebc was less rc- 
marh.HblG With n S'juroi' ^as ot bL'n/eno tnco v^oro 
tiLCtUciitions in diar^elor ri'-^ong Crirt^or rTanoiubG& il"io 
iH' qc-£-t dianct 21 wab nlr'nc-s: the s^mo <-s that ot the nn' - 
row hi:.|G Thto op. in jrri giowth lor riper dluro of the car- 
bon riHriulube whs ti ght:r m tf iG ordt.^i uf carboi 1 rnonox- 
ido acetylene ethyierie benzene and then rriGthano 
[01 08] For the purpose cf evaluating properties of the 
resultant carbon nar^otuoc- devices each of the carbC'O 
n.-inijtubc devices of Gr oups {1 1 (2) and (4) WcJG- plac:cd 
m a vacuum chamber and an opposite eloctrodo was 
-arranged at a distar"icc 0I 0 1 mm from ttie support m 
parallel tf-^erewith so that tne carbon nanotube forming 
-.crf.-iro ot the suppcj^t fac^^d the oloctrode Afler evai":!!- 
Htinc] the chamber to 1 /^^ Ton a pC'Silive voltage was 
impressed :o the oppos te electrode and tne quantity of 
olGctrons emii:Gd from the carbon nanotube was meas- 
ured As a corTparati\/o ex.-:mple three kinds of supports 
haviriQ a conductive 5urf,-ice were prepared by using the 
same materials as those of Group (1 ) (2) and (4) sup- 
ports respectively Trien etharioi dispersing carbon na- 
notuoes was coated on the respective conductive sur- 
faces of the suppons The amount of the carbon nanc- 
tuDc coated on the surtace was aimost the same as 
those of the G^oup (i ) 2) and (4) carbon nanotube de- 
vices each ot which was prepared by using eihyene as 
a raw material gas Subsequently the quantity of elec- 
trons emitted form the respective supports provided with 
the carbon nanotube coatings was measured in the 
same manner as the r^roup (1 ) (2) and (4) carbon na- 
notube devices 

[0109] As a result as to Groups I . , ,2) and (4) carbon 
nanotube cevices orntUed currenl vvas observed slarl- 
ing tiorri irnpression of about 100V and the amount of 
c urrent upon impressing 200V. was tt^n times larger than 
that available from 1 filmi in which carbon narotubes 
were simply diGpersod 

[0110] This G attriout.ibic to the fact that tne carbon 
nanotubes wore sufficiently conncctod to the oloctrodG 
and the isolated carbon nanotubes extended in the ver- 
tical direction These results permitted confirmat on that 
the device of tne inV'^^nt on had an GKcellGnt f jnction as 
an electron emitting S(:)urcG 



:'"C C'dor ot G'Oup 2 G roup . 1 . nr^d Uic G:gjc > 4 : 
[0112] i4. i.'TCup support Was pfOpr-.fciJ in itio 
s-i^^-io f"n.ifrK}f as aC'Scnbc.J under > l t nt:ov-:- AMer hcr^t- 
I'ualinc [\')0 support in <-i m.xod qas 3t id -. He 2 9E ! vol- 
ume r,-i'ioi al 500^2 'o' rir hou\ a carbC'n runc-tuDe de- 
vice Was prepared the sar"nc manncf as in above 
By the use ot this c-i^oon nanotube dcv ce tnt quantity 

'0 of emitted electrons was hieasured in the same manner 
rtS in rTj HOOve As a result a quantity 0I emitted elec- 
trons C'Von SLpenor tc thnt of the carbon nanc'tub^ de- 
vice preparec by the use of (3iroLp { 1 ) supoc^rt ^s m-jas- 
urcc It" (3) aCove was confirmed The reasori why the 
carbor^i nanotube device preparec by the use C'l a heat- 
trcr-itcd suoport gives such an ettect is i^C't clear As a 
result however ot tne improvement of conductivty of 
the pat'1 brough: abcut by ttie feductior~, cii the pain in 
the hc,-t treatnnent the depositing eftiC'Cncy 01 the cat- 

^<^' alyli:: supGr-line particles onto the narrciw hok'S is con- 
sidered to be improved and tins furltiei impicives con- 
ductivit/ between the conducive surface and thie ca'bon 
nanotube 

Examp c 2 

[0113] An example of the manufacturing method 
when the catalytic metal anc the electrode film are the 
same will novv' be described 

30 [0114] As in Example 1 by the use ot an Si wafer sub- 
strate cleaned as a support a Co film having a thickness 
of 0 1 fim was formed on the support by the RF sputter- 
ing process Then in the same apparatus with the target 
changed to A . and Ai f Im was continuously formed into 

35 a thickness of 0.2 pm to form an Al/Co layered film The 
sputtering conditions included an RF powe^ of 400 W 
and an Ar atmosphere at 5 mTorr 

[0115] This support was immersed in a 0 3 M oxalic 
acid solution and the Al fi m was anodically oxidized by 

-^0 using support as an anode and Pt as a cathode and im- 
pressing 40 V while keeping a temperature of 17°C As 
a result of voltage impression, the Al sulace was first 
rapidly oxidized, leading to a decrease in current value 
After start ot tormation of narrow holes the c urrent value 

-^5 increased to a con?, ant value Upon the completion ot 
oxidation of the Al film the narrow hole reached the un- 
dercoat Co layer and the current value gradually in- 
creased Anodic oxidation v^as therefore discontinued 
at this point The period was for about two minutes 

50 [0116] To widen the bore of the narrow holes the sup- 
port was immersed in a phosphoric acid solution of 
about 5 wt for 40 minutes and taken out A support 
provided with an alumna film having narrow holes ot a 
diameter of about 50 nm on the surface was ootainod 

55 As a result of this treatment the undercoat Co surface 
was exposed on the bottom of the narrow holes and 
coubt be used as a catalyst portion 

[0117] Then tne support was pace in a reactor as 
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st"Ov^r^ iri Fiq 7 -^nci hydroqcr qh.s was ir)UodLi;:rd in 
Hrnounl n\ :H) srrrri from thn roHrtinri ;^^-^■l^r,-^! inq qhs 
luoc 45 lo oiifig tho prossjrc m the rcHCtor \o SOO Pr: 
Tlx) suppj'l lornoc'raturc whs ifictOrisoci to t)00''C Dy 
turning on nn :ntraiod Innrip 

[0118] Aftc-r s1ab!!i/.-i!:on o4 !•: mpcr.-it jro ust.' the rriw 
HnHtoriHl QHS Gtl^iylcno diluted wifi nitroaen tc iO'\- was 
in'roduciDd in an amount ot 20 sc:i:m lo bnng pressu'O 
in ttnc rcdctof to 1 .000 P:i whicri v^hs kept for 20 n-iinutes 
ThorcaftGr the infrared lamp was turned ot1 to interrupt 
the supply of g,^s and tfien the support temperature 
was brought back to the room temperature The support 
was then taken out into the open air 
[0119] The surface of the resultant support was ob- 
served by me,^ns of an FE-SEM carbon nanotubes had 
grown from the narrow hole portion, but the carbon na- 
notubes had a large diameter of several 10 nm and 
tf'iCrc wcro odbctvco rT-any pcftions of ih.G r"ia'i ow holes 
where the gro.vth did not occ j! This Guggcsts that the 
calal/sl pieseni in itie narrow holes snould preferably 
be iri the fonn of supoi-fine pa it it I es as iri Example 1 
[0120] For the purpose of evaluating properties of the 
resultant carbon nanotube device the Co film of the sup- 
port attached with .:in electrode was placed in c;i vacuum 
chijmbcr as in Ex.;implc 1 . and an opposite electrode 
was arranged at a distance of O.l mm from the support 
in parallel therewith After evacuating the chamber to 
10"^ Torr. a positive voltage was impressed to the oppo- 
site electrode and the quantity of electrons omitted from 
the carbon nanotubes was measured 
[0121] As a result, emitted current was observed 
starting fromi imprcssior^ of about 1 50 V. and the amount 
of curren! upon impressing 200 V. which was about a 
half that m Example 1. was several times as large as 
that available from a film in which carbon nanotubes 
were simply dispersed This pemnits formation that the 
device of the invention has a sufficient function as an 
electron emitting source 

[0122] The amount c.: emitted current is smaller than 
that available from the eleciron emitt ng device prepared 
by the use of the carbon nanotubes of Example 1 This 
IS considered attributable lo the fact that, although the 
carbori nanotubes are sufficiently connected to the elec- 
trode. thC' ciarTiotcr of the nanotube is somewhat large 
resulting \ f\ insutlicicnt ccncentralion of eioctnc tieid and 
a low grow'.h density oi the carbon nanotube 

ExarTipIo 3 

[0123] An example: oi car-.on nanc-tube device in 
which the wall the layer composing the conductive sur- 
face and the support arc all prcp.ired w:th Si will now be 
dcscnbcd with reference to the schcr-n.:ittc process dc 
scrip'ivc view shewn in Ftgs 9A to 9C and *he ocuip- 
mont scncmatic diagram shewn in Fig 7 
[0124] An ohmic contact was prepared by ustng a p- 
tyne subsiralo having a low resistance (seveiai mm to 
sevcal hundred mmticm) as a suppoi forming an Al 
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filfn '^lavinq a thickness of atjout 1 urn on the back of tt"io 
p-fype Si substratr; anci annealinrj al -iOO^C. 
[0125] Then aniodi/ation of the support was carried 
C'Ut with the supoort immersod tn an aqueous solution 

5 r Dntaining 1 0'\. fluoric acid and 5''o alcohol lo servo as 
:-n anode and with Pt as a cathode Al on the back was 
,-irranged sc^ as not to come into contac t with the fluoric 
cjcid solution, ana an electrode was taken from the Al 
surface C^'^nditions were set to give a current value of 

w several tens of miA/cm^ upon anodi/ation After the 
compietion of anodi/ation the suppoa was taken out 
and washed with distilled water and IPA As a result of 
tnis process narrow rioies of sevetai nrn to several tens 
of nm as shown in Fig 9A were formed on the Si surface 

/5 and the individual narrow holes were isolated from each 
other by p-type Si walls 22 

[0126] I he support was placed in a vacuum deposit- 
ing uT'-t -ir^d evacuation was carried out up to -i degree 
of vacuum of 1 0"'^ Torr. and Fe was vapof-de posited in'o 

20 a thickness of 0 3 nm on the upper sufface by itie re- 
sistance heating vapor depositing process Thuir nal a ^- 
gf egation of the vapor-deposited film was accomplished 
by heating the support to 700=*C while keeping a vacu- 
um. This resulted in a structure in which catalytic super 

2S tinc particles were pkuccd in the narrow holes as shown 
in Fig 9B 

[0127] Then, the support was placed in the reactor 
shown in Fig, 7 First, hydrogen gas was introduced tn 
an amount of 20 seem from the reaction accelerating 

30 gas tube 45 to keep a pressure of 500 Pa in the reactor 
The support temperature was increased ^o 650°C by 
turning on an infrared lamp After stabili/'ation of tem- 
perature ethylene was introduced in an amount of 20 
seem to bring the pressure n the reactor to 2.000 Pa 

35 which was kept for 20 minutes. Thereafter the infrared 
lamp was turned oft to cut the supply of the gas Then 
after bring. ng the support temperature to the room tem- 
perature, the support was taken out into the open air, 
thereby obtaining a carbon nanotube device 

^0 [0126] Another carbon nanotube device was pre- 
pared in the same manner as above except that Co. Ni 
or Pd was used as a material for the catalytic super-fine 
particles 

[0129] Ihe surfaces of these four kinds of carbon na- 

not ube devices wc r c oDscrveo by mi ea n s of an F E - S E M 
For the devices using Fc Cc^ and Ni as catalysis, while 
grov/th of the carbon nanotubes from the narrow hole 
portion was observed almost no growtli C'f Ific carbon 
nanotubes in the nanow fioles was observed foi the do- 

5c Vice using Pd 

[01 30] For the purpose of evaiuatinc properties of the 
-esultant carbon nanotube devices prepared by the use 
ot F c Co or Ni as a catalyst, the support attached with^ 
^n electrode was placed in a vacuum chamber and an 

5S Opposite electrode was arranged at a distance of 0 1 
mtm fromi the support in parallel therew tn. ras in Example 
1 A'ter evacuating the chamber to 10'^ Torr a positive 
voltage was impressed to the opposi'e elecircde and 
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[0131] As .1 res.!: cioclrcn c-^ ssic"' vvr^s ot- 

-CTVGCJ E;ln- Iin j ! ::)f7", ir"n::^ Cb- r-r oi .-:0O..! i 00 V nn:; Iho 
,-.rric>unI Df cuffOfH upopi irTip'i'S'Dinq 20u V''arjb .iCOu; lofi 
t rncs HS Inrqc U"r-jl cf n t lf""i in Vrhict-| Cf-irtcfi firjnc- 
ij':'C'S wore sinpiy csporsocj 

[0132] Thit IS rttir cuiribio ;o mc fr^ct tn<^i \-\c c<-i\oon 
f.niiolubes. w^i rc suf' cienlly r:cnr~Gc:ccl to the electrode 
Hrid tne isoa:ed cnrbon nanctjbes extcrided in the vcf- 
t^cal direclic n 'rom tr-j suppo't Thi5 oormittGc contirrr.-i- 
l.on thHl tno devce of this e>amplG ^'nd hp oxce icM 
1 J ' ction HS H'" eicct'on orrin n q source 



[0137] For l^opLJ'PC^o ev.^ ■j.-n-v:; prop^^riiet- !^:o 

::^chrd :o trie proho pcfpor-^ the S^M A-M Gv-ilu-i;ir" 
jr 1 tr- fo(fn pfODO L" o'lr-^octeo !c fifi eiec:roao As re- 
sult '['t the S~M AFM ev.-iu.-tion ri s.Hlistnctor v ir^'Hqe 
brisC'J or"i -I CHrPcn nri-"iotube tip wn:': iDb'.dir^cd Tt^is \b 
cC'risidcrod tc be 'Jlo ton qoocJ direct ivity o< the c-rCO'"' 
n.-if^C'iubo surrounded by the vvmll suliciert electric^; 
cC'nr-^c: ion between the e.-jrbCiri nrincit_.be and tne eic:- 
trcide (the low-resistHr"^c o Si in this ox am pie) and the 
st'iarL- tip theroot 

E><Hrrip c 5 



E:x^nnplc 4 '^^ 

[0133] A eontigurhtion o' tip type carbon nanotubc 
device and tyf^ical manufa :l jring method P'ioreo-1 will 
ric-w DC described w.lh retcrencc lo the piocess schc- 
■rjilic desc 'ip I ve views shown ir' Figs 1 OA lo lODand 
ih_' equipment sotieiriatic diayiafn shown in Fig 7 
[0134] A[esis:71 ' AZ mririulactured by Hext Cc^mp,-]- 
riy , was coated mto a thickness of 0 5 to 1 ^im by means 
of <i spinner as snown tn Fig 10A on a low roSiStancG 
Si wafer serving -iS ,1 suppc-r' Aftc" UV cxposuro with 
ih j use of a mas^ tne expose d portion was peei jd 0I 
with an organic solvent and a submicron (0 1 to 1 prri) 
i^iC'ie was pierced on the rosis: A hole 72 was prepared 
,-ilso in the Si wafer by tnlrc>di.JCing the support info ,h 
pl,:)sma etching unit and etching the St wafer from thie 
hc-lc oortion of the resist The etching conditions incluc- 
ed SF4 gaS'Dt 5 F'a an PF power of 1 50 W and a trocitirig 
period of a minute Then, the support was placed in a 
resistance hoatinq vapor depositing unl and a Co-Nt al- 
loy (composing ratici 1 1) film was formed into a thick- 35 
ness of 1 nm on the resist layer surlace and the hole 
surface of the Si wafer Then the resist was lifted off 
and thermal aggregation of the Co-Ni thin film was 
'laused by annealing it in vac uum at 500°C to convert it 
m'o a catalytic super-fine particle 73 -^o 
[0135] Then the support was placed n the reactor 
shown in Fig 7 First, hydrogen gas was introduced in 
an amount of 20 seem from the reaction accelerating 
gas tube 45 to keep a pressure of 500 Pa in the reacto" 
The suppO't temoerature was increased to /00"C by -^^ 
turning on ar~i infrared lamp After stabilization of tem- 
perature acetylene gas diluted with nitru^^ (90%) was 
in roduced in an amount of 20 sccr^i to brine the pres- 
sufo in the leactoi to 3.000 Pa which was kept for 20 
m^nutes Thercaf:er the in'rared lamp was turned off to 
discontinue the supply of the gas ^hen after bringing 
the suppor temperature to thti room temperature the 
support was taken out into the open ar 
[0136] The sur'aco of the resultant suppO't was ob- 
served with an FE-SEN/ A c.-('bon nanotubc hac grown 
from the catnlytic super-fine particle 73 por'ion in the 
hole 72 as shnwr in Fig 1 OF) having a cjiameter within 
a range of *rom several nm tc several tons o*' nr*n 



[0138] A typical ce^ntigur^^tion cif a tunnel tyoc carbon 
n.-inc'tubo device w li r^C'W oe descnbed with rcferc rice 
tc- the schematic diagrarns shov;n in ^igs HA and lb 
[0139] First rin .-lumma film 22 p'ovided with elec- 
trodes 81 and 62 and a fine hoio adjacent lo the dec 
tre^de 81 was forrried as shown m Fig 11 A on a high- 
rei^istance or an )t)t:Ulating support SO 
[0140] A catalytic supe^-ftne p.^r'icie was introdjcod 
into the narrow hole A carbon nanotube 24 had grown 
frorT: the surface of the catalytic: super fine prjrticle and 
reached the :op of the elei:trodo 52 A !hin insulating 
layer was provtcod on .-1 oart o' the electrode 52 and 
was connected IC' the carbon nanotube 24 thereaoove 
via the insulating layer 57 An msulat ng coat film was 
providecJ over the insulating layer 87 and a wall 86 The 
electrocio B1 and the carbon nanotuoe were isolated 
from each other by the waM The elec:rodes 81 and 52 
wore connected in the sequence of the electrode 5i - 
the wall alumina layer 22 - the catalytic super-fine par- 
ticle 23 - the carbon nanotube 24 - ttie insulating layer 
57 - the electrode 82 

[0141] Current-voltage property of the resultant de- 
vice hiaving the aforementioned configuration was eval- 
uated rafter connection of the electrooes by inserting it 
into liquid helium and cooling tt to 4 K A negative-resist- 
ance area was observed as a result in the current-vo't- 
aqe property This is corrsidered to be a result of a res- 
onance tunnel effect because the device c^f the invention 
has double barriers By the utilization of this phenome- 
non the device of the invention is expected to be applied 
for high-frequency detect, ^n and oscillation 
[0142] V/hen manufacturing carbon nanotubes by the 
pyrolysis process by simiply seeding catalytic super-fmc 
prdrticles at a high density on a flat surface Ihote is a 
high probability that a single carbon nanotube grows 
while causing connection of many catalytic super-fme 
particles in and outside More specifically directivity of 
a carbon nanotube connecting ri plurality of catrjlytic: sj 
per fine particles as .ibovo is not uniform and the geom- 
etry including diameter cannot to uniform in many cas- 
es It IS therefore dosirat'le to cause individually isolated 
catalytic super-fine particles to grow 
[0143] While a carbon nanotube is often Hpolieci as 
an electrode it is the general practice on the present 
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lovcl rif ^rt after ^yrthosis of the r^rbon nnnolLbos to 
hWhc:-} tfio -Hrt-jon nnnotubrs to Iho subslrn-o by con- 
ducttnQ OHSto sohttc tbom onlo tbc subsl^Hlo nnd form 
H 'TiGtinf fifm 'DH tbcm 

[0144] The Cifbon nanotubc device of the invention 
has a foaturr' iri fnHt it has a connqura'.ion in. which tho 
r;- rbon narc'Libo conduclivoly binds to thf-^ i':ondi]rtivo 
surface without the need to conduci such electrode at 
tachmcnt after synthesis The device having such a con- 
figuration can live prepared by selecting ar^ optimun 
connbination of a connposition and a shape of the con- 
ductive surface the catalytic super-fine particle and the 
barrier isolating the super-fine particles and a synthe- 
sizing nriethod of carbon nanotube as described in this 
specification According to the p-esent invention there 
are available for exannple. the following advantages 

(T) "There is availaoie a saitsfactory cevice eiectfi- 
c-jjh' c:on;"iec:lod to electrc'des and iri whicti c;aibon 
nanotube are isolated from each oUier 

(2) An election emitting device excellent in electron 
emitting property can be obtained. 

(3) There is available a probe such as an STM or 
an AFM giving a satisfactory image and having a 
high strength 

(4) A novel tunnel type device using carbon nano- 
tube IS available. 

(5) Thecarbon nanotube device of the invention has 
a confK}U'ation in which the conductive surface 
comprises a ayer containing Ti Zr Nb, Ta Mo Cu 
or Zn. or particulaiiy a iaycf containing Nb. and an 
AI anodic oxidation film i e , an alumina film having 
a fine hole is provided on the surface film of the con- 
ductive surface. In this configuraton the alumina 
film and the conductive surface show a satisfactory 
adherence so that the alumina film never peels off 
the condu:tive surface at the interface. This config- 
uration IS therefore favorable for carbon nanotube 
applicable for a high-quality electron omittng de- 
vice or a proDe tor STM or AFM 

(6) When a semiconductor such as a p-type Si is 
used as a support it is possible to easily form a plu- 
rality of narrow holes isolated by a W3ll of Si or Si 
oxioe on the surface ot the p-type Si by anodi/mg 
tne surface of the p-type Si dy causing carbon na- 
notubes to grow from these narrow ho es the grow- 
ing direction of the carbon nanotube is re:^ulatod by 
the wall 11 IS therefore possible to form a carbon 
nanotube device having caitjcjn rianctuLes fiavinu 
substantially a uniform drectivity .-t a lev.' cost 

(7) When connecting the conductive surface and 
tne caroon nanotubes to electrodes via the catalytic 
supor-tinc particles it is desirable tor growth control 
of carbon nanotubes to select ontj or more metals 
f-om Fe C o and Ni for the catalytic super-fine oar- 
ticlcs 

{^) 'he carbcn nanotube device in whr^h the carbon 
nanotubes and the concuctive surface are tn an 



eloctri-ral tunnel junctiori is oroforablo whc^n rran.j- 
facturing a r-sonanco tnnrirl rlr^vro or the tike 

[0145] While 'ho present invcMion has been de- 
5 scribed wr.h [ospecl to wnat is f-resently considered to 
be tno preferred (jmbodiments it ts to be uncc;rstood 
that the invention is not limited t ) the disclosed embod- 
iments The piesent invention 'S irr.ended to cover var- 
ious rnodificaiions and equ!valer".t arrangements includ- 
10 od within tne spirit and scope of the appended clairTns 



Claims 

15 1. A carbon nanotube device comprising a support 
having a conductive surface ana a carbon nano- 
tube. one of whose terminus binds to said conduc- 

said conductive surface and said carbon nanotube 
20 ib> maintained wherein a rool o( said carbon nano- 

tube at tfie site where said caibon nanotube binds 
to said conductive surface is surrounded by a wall 

2. A carbon nanotube device according to ciairnn 1. 
25 wherein said carbon nanotube has grown on the 

suriace of a catalytic particle, and said catalytic par- 
ticle binds to said conductive surface so that con- 
duction therebetween is mr-.intained. 

.30 3. A carbon nanotube devicn according to claim 

wherein there ;s provided an insulating laye^ be- 
tween said catalytic particle and said conductive 
surface, and said carbon nanotube and said con- 
ductive sjrface are in tunnel |unction 

35 

4. A carbon nanotube device according to claim 2. 
wherein there is provided an insulating layer be- 
tween said catalytic particle and said conductive 
surface: said insulating layer has a bridge-shaped 

40 patn connecting said conductive surface and said 
catalytic particle, and said path contains a material 
composing the conductive surface 

5. A carbon nanotube device according to claim 2 
-^5 Wherein said catalytic partxie is a mctai paaicie 

formed on said conductive suriace by an AC elec- 
tro-doposition process 

6. A caibor: nanotube device fjcc0:ding lo c\mr\ 2. 
50 whorem said catalytic particle ccniains at least one 

metal selected from the group consisting of cobalt 
nic Kcl and iron 

7. A carbon nanotube device accoroing to any one of 
55 cia rris 2 5 and 5 wherein said catalytic particio has 

a part cie diamicto^ within a range of from 1 to 10U 
nm 
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8. A ---no- ---^"L.tv- r .-i.: ^ :,f - :: : n-r- V 
otor wi'hi' ,-1 frinqo of "rorn 2 lo 50 r.rr 

9. A carter n.-if^oIupL cic\-\:c ncc c^rciinq !- clnir-i ^ : 

10. A carbon r^irirnDtubc dcvcc- Hccc^ding to cldir-i ^ 
wncroin s.^id Wc-.ll -s an nnocic oxiac tilm of an hIu- 
riiium ti.n ^ormcc on smd conJuciivc surface 

11. A ^-jfbon r^Tinotut-c devcc- dCM-rdinq to clnm l 
wherein SHid condL.ctivc surlaco i:ompn50S Inycr 
rof^'.arirvq <-jt loas; C'no clGr-nont soloctca from the 
iiroup consisting ::t til<iniurTi /irconi^rTi n ob urr 
i^ntHlu'Ti rTiolybdCfium copper nnd/nc SHid con- 
dU(::ivG SLrtaco ooing provided on said suppor* 

12. A onroon nanotjbo device acc:ijrding to claim 11 
wherein said conduetive suh.dLU oerripribos a Nyef 
coi i'air ir ig niobiutf i 

13. A carbon nanotubc device ac cc^rding to clair~n 1 
wherein said wall contains silicc^n 

14. A carbon nanotubc device ac ccirding to claim 1 
wherein said wall comprises the same matertril as 
tnat comprised in said conauctrv/e surface 

15. A carbon nanotube device ai:cording to c:lair"n 1 30 
wherein said conductive surlace ccmprises a layer 
containing at least c»ne element selected from the 
group consisting of titanium zirconium mob um 
tantalum and molybdenum, said conduetive sur'aco 
being provided on said suDport: said wall cc-mprises ^5 
an aO'Ddic oxide film of aluminum, said carbon na- 
notube binds to Said conductive surface via a cata- 
lytic particle and an insulating layer said irisulatinq 
layer has a bridge-shaped path connecting said 
conductive surface and said catalytic particle: and 
saic path contains at least one element selected 
from the group consisting of titanium /irconiumi 
niobium tantalum and molybdenum 

16. A carbon nanotubc device according to claim 1 
wherein said device is provided with a plurality of 
saiG carbon nanotubes and wherein tn^ .iding 
biles of each of said individual carbon nanolubes 
are isolated from each ot'iei by said walls 

so 

1 7. A manufactunng method of a carbon nanotube de- 
vice comprising a suppor: hccv:rg a ccndjctivc sur 
fac c and a carbon nanotubc one of whoso Icrm'nus 
binds to saic conductive surface at a ste so that 
conduction betv;een said conouctive surface and -^-^ 
saiG carbon nanotube is maintained v^hcrein a root 
of saici carbon nanotube at the site where said car- 
bon nanoiube binds to said conductive surface is 
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iC"'r'M"ia i ^)iu'riiil^ ct Cri'bcin nri'iCluDc dna- 
inq Slice. iso!ri:c:a irom cach other t:)y Wriils on 
smd ::oriductivG burf^ce nnd 

fcfrr, nq cn'ton nanolubes at the sites 

18. A manut-ict jnng T'-etnod accc^rding to c:ldirTi 17 
whore in saic step (i i cc^morises a substep of forming 
a catalytic particle Dn said concuctive surlace at the 
sue ana said step ! ii i corTiprises a subs'.op' of caus- 
ing the carbDn nanotube to grow from the su^ace 
of said catalytic p^-r'jclo at tne sit(} 

19. A manufdct jrtnq Tietnod according tc clHim 1:^ 
wherein said sjppoiT having said concuctive sur- 
*acG cC'mprises low-resistarxe silicor^ and the sub- 
stop cf forming said catalytic particle on said con- 
duclive bjrface at Ific site comprises the steps ol 

forming a narrow ho e surrc^unded by said low- 
resistance silicon by anodi/ing :he surface of 
said support 

fr.rming a layer comprising a material of said 
catalytic particle on the surlace of saio suppct 
and 

annealing the layer ccmprising a material of 
said caialytic particle and causing the layer 
comprising the matenal of said catalytic particle 
tC' aggregate thereby forming sa:d catalytic 
particle in the narrow hole 

20. A manufacturing methoc of a carbon nanotube de- 
vice according to claim 18 wherein said support 
having said conductive surface comprises low-re- 
sistance silicon, and the substep of forming a cata- 
lytic particle on said conductive surface at the site 
comprises the steps of: 

selectively covering the surface of saic low-re- 
sistance silicon support with a photoresist 
etching said low-resistance silicon support sur- 
face not covered with the photoresist thereby 
forming a narrow hole ..urrounded by the low- 
resistance silicon and 

forming a layer comprising a material of said 
catalytic particle on the surface of said photore- 
sist and the nairow hole, then lernovng said 
photoresist and annealing the laye r comprising 
the material of said catalytic particle and caus- 
ing the layer comorising the material of the cat 
alytic particle to aggregate thereby forming 
said catalytic particle in the narrow hole 

21 . A manufacturing methoc of a carbon nanotube de- 
vice according to claim 1 ^ wherein saicJ conductive 
surface comprises a layer containing at least one 
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olcrncf-it solo?lc:l fiorr th-? qfoup contislinq of litn- 
niur-n /imnium rTiohiurr tHntHlum m'^lybdor iht 
cop'X r nn J / nc '.aid conductive surf^^co being prc- 
vidcd on SHid support nrd whoioin the substcp of 
forming tf-io cnta vtr: pHrlicIo on snid conduct^vG sur- 

f^CG nt lt")C' S ite CI'iTipMSOO thO Sti.ipS Ol 

terming nn nnodic oxicJo tilm firivinc narrow 
hole r n tfiG surface of said conductor layer and 
forming ttie ca;alylic paitcic on the bottom of 
said r 'arrow tiolc 

22. A mianulact unng method o^ a Cd^bon nanotubo de- 
vice according to claim 21 wherein the step of term- 
ing an anodic oxide film having a narrow hole on the 
surface of smd conductive surtace comprises the 
steps ot: 

terming an aiurmr lun • film on tne Soirfacc o\ said 
coriduclive surface and 

c-^usmg ancdic oxidation of said a!urninui7i tilrTV 

23. A manufacturing method of a carbon nanotube de- 
vice according to claim 22. wherein said step of 
causing anodic oxidation of said aiuminum film 
comprises the steps monitoring anodic oxidi.'ing 
current, and discontinuing anodic oxidation of the 
afummjm film when a change in anodic oxidising 
curreni shows that anodic oxidation has reached 
saia ccndiictive surface 



twoon s^lc HHriow hole nnd s.-^id :onductiVG 
siirtHcn 

25. A manufacturing rncthoc of a carbon nanotube de- 
5 vice accordinq to c:ain 24 furtt"er comprising a stop 

of healing tho s jpport having said path formed thcr- 
atmosDherc of nvdroqen qas an inert gas 
or hydrogen gas and an inert gas between the step 
of forming an alumma film hav.ng said narrow hole 
10 by anodic oxidation ot said aluminum film and the 
step of forming said catalytic particle on the bottom 
of said narrow hole 

26. A manufacturing method of a carbon nanotube de- 
15 vice according to claim 25 wherein said heating is 

carried o jt at a temperature within a range of from 
200 to 1 1 0O'^C for b :o 60 minutes 

27. A tTiHouiHCturing miethod c-t a carbon nanotube de- 
20 vice according to clauTi 18 wherein said catalytic 

particle is deposited by an AC electro-deposition 
method 

28. A manufacturing methoc of a carbon nanotube de 
25 vice according to any one ot claims 18 to 21 where- 
in said catalytic particle contains at least one ele- 
ment selected from the group consisting o^ Co. Fe 
and Ni 



24. A manufacturing method of a carbon nanotube de- 
vice according to clain- 1&. wherein said conductive 
surface comprises a layer coniaininc at least one 
element selected fromi the group consisting of tita- 
nium, zirconium mobium. tantalum and molybde- 
num, formed on said support, and wherein the sub- 
step of forming the catalytic particle on said conduc- 
tive surface at the site comprises the steps of: 

forming an aluminum filrTi on the surface of said 
conduc:ttve sur'acc 

lorrTting an alumina film having a narrow hole 
bv causing anodic oxidation ot said aluminum 
film and 

fortTiing said catalytic particle on the bottom of 
sa d riarrow l"iolo and 

wherein shiJ step of fo'rnmg an nlurnina film 
r Idling shki tinriovv hole by causing arv^^dic c;x- 
idatiop ot said alumiinum fiii-n comprises contin- 
uir g anodic oxida'jon after detecting a change 
in anodic oxidation curreni showing tnrit finodtc 
ox dat'or h.ao reached said conductive surfricc 
,dnd terming ^ path containing at least cne ele- 
■r',on,\ selcc tod from tho group consisitng c-f tita- 
nium /ircr.rium r lotium tantalum and molyb- 
dpnijm rr-nnecting said narrow hole and sain 
conductive surface tn 'he aUm'na layer be- 
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3Q 29. A manufaclunng method of a carbon nanotube de- 
vice according to any one of claims 13 and 27 
wherein said catalytic particle has a particle diam^ 
eter within a range of from 1 to 100 nm 

30. A manufacturing method of a carbon nanotube de- 
vice according to claim 29. wherein said catalytic 
particle has a particle diameter within a range of 
from 2 to 50 nm 

31. A manufacturing metnoQ of a carbon rtanotube de- 
vice according to claim 17. v/herein the step (ii) 
comprises; 

a substep of heating a silicon support or an in- 
sulating Silicon support having a cataiyac para- 
de on the surface thereof m a container con- 
taining a raw material gas and hydrogen gas 
uride- a pressure wilfnn a lange of from 500 Lo 
3 000 Fa to a tumperatuie within d mrig'J of 
from 400 tc 800 

32. A manufacturing methoc of a carbon nanotube de 
vice aoccrding :o claim 31 whcrcn saic raw mate 
rial gas is at least one gas selected from the group 
consisting of methane ethylene, acetylene carbon 
monoxide and oer/one 

33. A manufacturing methoc of a carbon nanotube do- 
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t:on mor^cxiao 

34. A rT^rinulriClu'ifTq fnoUioo ol n CrifOCifi nr-tfictuoe de- 
vice ricccainq \c clriifr, 25 where ;r"i SHid c-ilr-ilvti: 
pnrticio hcii: -i prirl cic durTiotcr vMthin h rHfige of 
f 'om 1 tci 1 CiO nm 

35. A manul'dctu'inq mothoJ of n cartjCin nanoiube de- 
vice ricco'Ginq to clHirn 34 whcre^n SHid c-itdlytic 
particle hris h pHrtcIc dumotGr v\ thin ri rnnge of 
t^om 2 tCi 5C) nm 

36. An olcctfcn emi:tinq device compr sinq 

H CHrbC'H n^no:ube device accordinq to nry of 
clr^ims 1 to 16 

an eloclrodo loca.ed at a position opposite lo 
bri d conductive surface and 
means for imprGSSinc a potential to a space be- 
tween said conductive surface and said elec- 
trode 
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FIG. I A FIG. IB 




FIG.2A FIG.2B 




FIG.4A FIG.4B 
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FIG. 5A 



FIG. 5B 
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FIG. 5C 
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FIG. 5D 
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FIG. 7 
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FIG. 8A 
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FIG. 8D 




23 



EP 0 913 508 A2 



FIG. 9A 
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FIG. 12 
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FIG. 13 
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FIG. 14 
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(57) The present invention discloses a carbon nan- 
otube device comprising a support having a conductive 
surface and one or more carbon nanotubes. one of 
whose terminus binds to the conductive surface so that 
conduction between the surface and the carbon nanc- 
tuoe IS maintained, wherein a root of the carbon nano- 
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tube device, having carbon nanotubes with a uniform 
direction of gro\.vth can generate a large quantity of 
emitted electrons when it is used as an electron emis- 
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